(Submitted for publication October 6, 1958 ; accepted January 2, 1959) Estimations of hydrogen ion activities in the interior of cells have been attempted through a number of different experimental approaches. The methods that have been employed are of several general types: measurements on preparations of broken cells, measurements on fluid withdrawn from cells, observations with visible indicators, measurements with micro-electrodes introduced into cells, measurements of the intracellular and extracellular concentrations of weak organic acids and bases, and calculation of the balance of ionic charges. The last named method has been proposed by Conway (1) . The other methods are discussed in the review of Caldwell (2) , which contains a tabulation of the results of measurements on various types of cells with different experimental methods. Some of the methods that have been used are of quite limited applicability, and most of the values arrived at by any of the methods are subject to question.
Potentially, the method utilizing the distribution of weak organic acids and bases has a wider range of applicability than the other methods, and it is not subject to some of the theoretical objections that can be raised to other methods. There is a great deal of evidence that membranes of animal and plant cells in general are characterized by free permeability to the undissociated forms of weak organic acids and bases and by impermeability or apparent impermeability to the ionic forms. If the pH of the interior of a cell differs from that of the external medium in contact with it, there will be a corresponding difference in the concentration of an organic ion. The assumption that the undissociated form of an acid or base is in equal concentration on the two sides of the cellular membrane permits the calculation of intracellular pH from measurements of extracellular pH and the extracellular and intracellular concentrations of the acid or base. In most of the work that has hitherto been done based on this principle, carbon dioxide has been the compound used as the indicator. It is assumed that the cellular membrane is permeable to carbon dioxide and that the tension of carbon dioxide inside the cell is equal to that measured in an external phase in equilibrium with the cell. The total carbon dioxide released from the cells after addition of acid is determined and is assumed to come from dissolved carbon dioxide, carbonic acid and bicarbonate ion. These data are sufficient for calculation of the intracellular concentration of bicarbonate ion and of the intracellular pH. The pK1' of carbonic acid is such that its ionization should furnish a sensitive measure of intracellular pH. However, the validity of pH measurements made with the carbon dioxide method has been questioned. Conway and Fearon (3) concluded from their experiments that a large part of the carbon dioxide released from muscle cells by acid is derived from acid-labile material other than bicarbonate. If this should be so, the pH values calculated from the assumption that all acid-labile carbon dioxide comes from bicarbonate would be seriously in error.
In the course of a study of the tissue distribution of 5,5-dimethyl-2,4-oxazolidinedione ("DM0"), the product of metabolic N-demethylation of the antiepileptic agent, trimethadione (Tridione®) 
If the indicator compound is a weak organic base with apparent acid ionization exponent, pK.',
The partial derivative of the ratio (Ct/C.) with respect to pH, is an index of the precision with which pHt These partial derivatives as functions of the ionization exponents of acids and bases are shown in Figures 1 and  2 , respectively. In these figures, pH. is assumed to be 7.4 and pH, 7.0 (approximately the pH, of muscle as found in this study). The functions are without maxima, increasing to approach asymptotic limits with decreasing values of pK' for acids and increasing values of pK.' for bases. If pH, is less than pH., as is assumed in these figures, the limiting value is greater for a base than for an acid. The stronger an acid or a base, the more sensitive an indicator it is of intracellular pH.' If intracellular pH is less than plasma pH, a base of sufficient strength can be a more sensitive indicator than any acid.
For an acid of the strength of DMO and for the values of pH,, pH., VI, and V. assumed in Figures 1 and 2 (6) and an "overall" pH by Conway and Downey (7) . Despite the fact that the calculated intracellular pH may not have a simple mathematical significance, it is a value intermediate between the values for the regions of highest and lowest pH in the intracellular water of the tissue and thus furnishes some information, however limited, concerning the conditions in the cells. Of even greater interest than the calculated pH for the normal cell are the changes that this value undergoes under physiological and pathological conditions, for these changes can be interpreted in terms of the buffering capacity of cells and the gain or loss of hydrogen ions by the cells.
Properties to be desired in a compound to be used for measurement of intracellular pH in animal tissues. To be an adequately sensitive indicator of intracellular pH, the compound must be a sufficiently strong acid or base. An acid with pK' less than about 7.0 or a base with pKa' greater than about 7.0 will be satisfactory for the physio- toxic or otherwise, and should not of itself affect acidbase equilibria inside or outside of cells. The compound should not interact with plasma proteins or with any constituents of the cell to a degree that would significantly affect its distribution. It should not be localized to a significant extent in nonaqueous phases of cells or plasma.
Although not essential, it is desirable that the compound be slowly eliminated so that after a single dose the plasma concentration will change very little during the period required for equilibration of the compound between plasma and tissues. Finally, an analytical method must be available that is specific and sufficiently sensitive for concentrations that have no disturbing effect.
Properties of DMO. The compound is an acid with pK' of 6.13 at 370 C. and ionic strength of 0.16.2 As shown in Figure 1 , this value of pK' gives almost as sensitive an indication of intracellular pH as is theoretically possible for an acid. We have used plasma concentrations of DMO no higher than 250 ,ug. per ml. in dogs for measurement of muscle pH. There are no equal to that of DMO, is not affected to a great extent by the presence of protein in solutions of egg albumin, in muscle homogenates, or in erythrocyte hemolysates (8, 9) . The assumption that the pK' of DMO is equal in intracellular water, interstitial fluid, and plasma probably does not involve a serious error in the estimation of intracellular pH. The error in the calculated value of pH, contributed by an error in the value of pK' for DMO in intracellular water is equal to the latter error and is constant. The magnitude of a change in pH, occurring under experimental conditions would be measured without error.
grossly observable pharmacological effects at this level, while the concentrations in plasma and muscle are high enough to permit analytical measurements of sufficient accuracy. Patients receiving trimethadione may have plasma concentrations of DMO as high as 1 mg. per ml. without any evidence of toxic effect. DMO is not bound to plasma albumin (10) . As reported in this paper, DMO is not bound to an homogenate of dog muscle to a measurable degree. The concentration of DMO in fat is very low relative to that in plasma, as evidenced by the finding that the apparent volume of distribution of DMO in omental fat of the dog is nearly equal to the chloride space and to the total volume of water of the tissue. It is unlikely that DMO is contained in lipid phases in the cell in proportions of any importance. There is no reason, then, to believe that the distribution of DMO is significantly affected by any interactions or by any localizations in nonaqueous phases that would invalidate the calculation of intracellular pH. DMO is among the most persistent drugs that have been studied. It is not metabolized, and excretion is very slow in acid urine (10) . In the normal dog after equilibration, the hourly decline in plasma concentration is only about 1 to 2 per cent. For measurements of tissue pH, a single dose of DMO can be administered to an animal, and the equilibration of tissues with plasma is not complicated by a rapidly falling plasma concentration. DMO is determinable in plasma and tissues by ultraviolet spectrophotometric methods of adequate sensitivity and of demonstrated specificity.
METHODS AND MATERIALS
Synthesis of DMO. Ethyl a-hydroxyisobutyrate was condensed with urea in the presence of sodium ethylate by the method of Stoughton (11) . DMO melts at 78 to 790 C. Experiments on dogs. In some early studies of the pH of tissues under normal conditions, dogs were anesthetized with ether or were killed by intravenous injection of air without anesthesia. In all of the experiments to be described in this report in which the effects of acidosis and alkalosis were studied, the dogs were anesthetized with 125 mg. per Kg. of phenobarbital adminstered intravenously as a solution of the sodium salt. DMO was given intravenously in saline solution in a dose of 100 mg. per Kg. at least an hour before the first muscle sample was taken. This time has been found to be more than sufficient for equilibration of DMO between plasma and muscle. Both renal pedicles were ligated tightly so as to occlude the renal vessels and the ureters. CO2-O2 mixtures were administered with an anesthetic gas machine. Overventilation was produced with a respiration pump. HCI was administered by slow intravenous infusion of a 0.30 N solution. NaHCO3 was given intravenously in 0.30 or 0.95 M solution. Samples were taken from the muscles of the thighs. The muscle samples were blotted with cotton gauze, and all visible fat and connective tissue were trimmed away. Blood samples were taken from the femoral veins, about 3 mg. of potassium oxalate per ml. of blood being used as anticoagulant. Blood used for determination of pH and CO2 was handled with strict anaerobic precautions.
Total water of muscle and plasma was determined by drying weighed samples in an oven at 1200 C. for at least 12 hours. There was found to be so little variation in the water content of plasma that this determination was omitted for some samples, and the value of 0.93 Gm. per Gm. was used in the calculations.
Determination of DMO. For plasma from unanesthetized dogs or dogs anesthetized with ether, the method of Butler (12) was used. For plasma from dogs anesthetized with phenobarbital the method was modified in that the extract in the buffer of pH 9.0 was divided into two parts and the subsequent procedures were carried out as described below for the method for muscle. For muscle, a sample of 5 to 10 Gm. was homogenized with 10 ml. of distilled water with the homogenizer described in a previous study (13) . A weighed sample of 1 to 3 Gm. of the homogenate was transferred to a glass stoppered tube, in which it was shaken with 4 ml. of 5 M NaHPO4 and 25 ml. of redistilled reagent grade absolute ethyl ether previously saturated with water. After centrifugation, 20 ml. of the ether phase was removed and extracted with 5 ml. of the borate buffer of pH 9.0 as in the original plasma method. Of the buffer extract, 2 ml. portions were transferred to each of two tubes. To one was added 2 ml. of the buffer of pH 9.0 and to the other 2 ml. of 0.1 N HCl. Absorbancies of both preparations were measured at 215 and 220 mtn, the blank for the first being the buffer, and for the second, equal volumes of buffer and 0.1 N HCl. The absorbancies at pH 9.0 were corrected by substracting the corresponding absorbancies in acid solution. The concentration of DMO was calculated from the difference between the corrected absorbancy at 215 mAu and that at 220 m~u. When this method was applied to muscle from dogs that had had no drug, the calculated concentrations of DMO were between 1 and 2 /Ag.
per Gm. When DMO was added to normal muscle in concentrations of 50 to 100 tg. per Gm., the recoveries were 96 to 104 per cent. Since the blank values are low relative to the concentrations to be determined, and since DMO is not metabolically altered in the body, the material determined as DMO in muscle can be considered to consist almost entirely of that compound. Ether and phenobarbital in anesthetic concentrations do not interfere with this method for muscle.
Determination of chloride. For plasma the method of Van Slyke and Hiller (14) was used. For muscle a sample of about 15 Gm. of the same homogenate prepared for the DMO determination was weighed into a glass stoppered graduated centrifuge tube. To the tube were added 5 ml. of a solution containing 150 Gm. of NaW0,42H20 and 250 ml. of concentrated HSPO4 per L., about 0.5 Gm. of AgIO3, and sufficient distilled water to make the total volume to the nearest multiple of 5 ml. The tube was shaken for 1 hr. and centrifuged. The supernatant liquid was filtered through filter paper, and a measured volume of the filtrate was titrated with thiosulfate as in the method for plasma.
Determination of plasma CO.. Blood was centrifuged under mineral oil and the plasma CO, was determined by the method of Van Slyke and Neill (15) .
Measurement of pH. The pH of blood was measured at 37°C. by the procedure described in another report (13) .
Calculations. It was assumed that Donnan equilibria prevail between plasma and extracellular tissue water for the hydrogen ion, the chloride ion, and the DMO ion.
The pH of the extracellular tissue water, pHe, was assumed to be 0.02 unit higher than that of plasma and the concentrations of chloride and DMO ions in extracellular tissue water to be 1.05 times the corresponding concentrations in plasma water.3 On the assumption that all chloride in muscle is extracellular, the volume of extracellular water, V., as a proportion of total tissue weight was calculated by dividing the chloride concentration in tissue by the concentration in extracellular tissue water.
The volume of intracellular water, V,, as a proportion of total tissue weight was derived by substracting V. from the total proportion of water in the tissue. The concentration of DMO in extracellular tissue water, C., was calculated from the assumption that the concentration of the ion differes from that in plasma water by the Donnan ratio and that the concentration of undissociated form is the same in the water of the two phases. The CO, tension of plasma was calculated from the total CO, content of plasma and the pH of blood by use of the Henderson-Hasselbalch equation, the pK' of carbonic acid being taken as 6.10 and the solubility coefficient, a, of CO, as 0.53.
Binding of DMO to muscle homogenate. A sample of 4 Gm. of dog muscle was homogenized with 15 ml. of 0.2 M phosphate buffer of pH 7.0. With the procedure described in an earlier report (13) , this homogenate was dialyzed in a cellophane bag against a large volume of the buffer containing 100 jug. per ml. of DMO. The contents of the bag and of the outer chamber were analyzed for DMO by the method described above for muscle. 
RESULTS

Binding of DMO
Intracellular pH of dog muscle
In 11 dogs that had received no treatment designed to disturb acid-base equilibria, of which seven had been anesthetized with 125 mg. per Kg. of phenobarbital, two anesthetized with ether, and two killed by air embolism, the calculated intracellular pH values for muscle were all in the range of 6.96 to 7.10 with an average of 7.04. This total range is only of the order of magnitude of perhaps twice the expected experimental error, and no effect of anesthesia on pH was apparent.
The effects of various treatments altering the pH or the pCO2 of plasma were studied. In the experiments described below, two different treatments were applied successively to each dog. The combinations of treatments were chosen with the purpose of furnishing controlled comparisons of changes in pH and pCO, under various conditions. Table I shows the analytical data and derived values from which the intracellular pH is calculated. In addition to the experiments described in Table I , there were eight other satisfactory experiments in which at least one of these same treatments was studied in each dog. In all of these experiments, the effects of the treatments were essentially the same as in the corresponding experiments of Table I . In Experiment 1 of Table I In Experiment 3 the pCO2 of plasma was lowered by overventilation with a respiration pump. Intracellular pH of muscle rose by 0.08 unit as the pCO2 of plasma fell and the pH of blood rose. Subsequently, while overventilation was continued, 6 mM per Kg. of hydrochloric acid was infused intravenously. The muscle pH as well as the blood pH fell somewhat below their initial levels without significant change in the plasma pCO2.
In Experiment 4 the initial treatment was an intravenous infusion of 7 mM per Kg. of hydrochloric acid. There was only a slight rise of plasma pCO2, which may have been due to depression of respiration consequent to deepening of phenobarbital anesthesia in acidosis (13) . While the blood pH fell by 0.36 unit, the intracellular muscle pH fell by only 0.13 unit. After the injection of an equivalent amount of sodium bicarbonate, the blood pH rose by 0.26 unit while the muscle pH rose by only 0.04 unit, an amount that probably does not exceed the experimental error. In two other dogs in which acidosis was produced by intravenous infusion of 10 mM per Kg. of hydrochloric acid, the intracellular pH of muscle did not fall below 6.90 even though the blood pH in one dog fell to 6.84.
DISCUSSION
In these experiments the largest changes in the intracellular pH of muscle are those brought about by increases in the carbon dioxide tension of blood. In severe metabolic acidosis with normal carbon dioxide tension the intracellular pH of muscle is not lowered to the extent that it is in conditions of elevated carbon dioxide tension. If the carbon dioxide tension of plasma is abnormally high, the pH of muscle is abnormally low even though the pH of blood may be normal. Both metabolic and respiratory alkalosis may cause some increase in intracellular pH of muscle, but the increases that can be produced by any treatment are small by comparison with the decreases resulting from increased tension of carbon dioxide.
The effect of carbon dioxide tension on the intracellular pH of muscle is to be expected if the muscle fibers are freely permeable to carbon dioxide, as cellular membranes in general have been found to be. That greater effects on the pH of muscle can be produced by raising the carbon dioxide tension above normal than by lowering it below normal is in accordance with the form of the carbon dioxide dissociation curve of muscle as described by Irving and co-workers (6) . The study of Swan and Pitts (16) indicates that hydrochloric acid administered intravenously to nephrectomized dogs is neutralized in part by loss of intracellular sodium and potassium ions from tissues in exchange for hydrogen ions from extracellular water. Experiments of the same type carried out by Schwartz, ¶rning and Porter (17) in dogs with intact kidneys led to similar conclusions. Tobin (18) found that intravenous hydrochloric acid in nephrectomized cats caused a shift of sodium and potassium into the extracellular space and a loss of sodium and potassium from muscle. However, in Tobin's experiments the average values of intracellular muscle pH as measured by the carbon dioxide method did not change after cats had received doses of 3.5 to 9.6 mM per Kg. of hydrochloric acid. Wallace and Hastings (19) did not find significant changes of muscle pH as measured by the carbon dioxide method after intravenous doses of 1 mM per Kg. of hydrochloric acid to cats. In our experiments in dogs the intracellular pH of muscle was significantly lowered by intravenous administration of hydrochloric acid, but the fall of muscle pH was no more than about 0.15 unit even in severe metabolic acidosis. The ionic exchanges that have been postulated to occur in metabolic acidosis apparently can operate in muscle only to the extent that intracellular buffering is sufficient to prevent any large change of intracellular pH. Studies of the intravenous administration of sodium bicarbonate to human subjects by Singer and associates (20) and to nephrectomized dogs by Swan, Axelrod, Seip and Pitts (21) have been interpreted as indicating the disappearance of about a quarter of the injected sodium from the extracellular space. One possible mechanism that would produce this effect would be the entry of sodium ions into cells either accompanied by bicarbonate ions or in exchange for hydrogen ions. Either process would tend to raise the intracellular pH. Wallace and Hastings (19) found no significant elevation of intracellular pH of muscle of cats in response to sodium bicarbonate injection. In our experiments the effects of sodium bicarbonate administration on muscle pH were quite small. The extent to which sodium ions may pass into muscle cells during the period of these acute experiments cannot be estimated from the present data. Intracellular buffering and possibly other mechanisms such as the intracellular production of organic acids may suffice to counteract the effect of entry of sodium to the extent that any change of pH may be so small as even to be difficult to detect. If the administration of sodium bicarbonate is accompanied by an increase in the carbon dioxide tension of blood, the result may actually be a decrease in the intracellular pH of muscle.
The values for intracellular pH of frog and mammalian muscle under normal conditions as measured by other workers with the carbon dioxide method have for the most part been in the range of 6.9 to 7.3. References to the earlier reports of the use of the carbon dioxide method are to be found in the review of Caldwell (2) . Ad-ditional recent experiments in which the carbon dioxide method was used for measurement of the pH of mammalian muscle are those of Tobin (18) with cats and Nichols (22) with rats. Reports of the relationship between carbon dioxide tension of blood and intracellular pH of mammalian muscle as measured by the carbon dioxide method (6, 19, 22) are in general accord with the results of our present experiments with the DMO method. While our experiments showed some small effect of blood pH on muscle pH aside from changes of pCO2 and those of Wallace and Hastings (19) and of Tobin (18) with the carbon dioxide method failed to do so, the results from the use of both methods are all indicative that muscle pH is not influenced to any great extent by blood pH per se. Although there has been no direct, simultaneous comparison of the two methods, it may be concluded that there is no conspicuous discrepancy between the results of the carbon dioxide method and those of the DMO method either as to the value for intracellular pH of normal muscle or as to the manner in which this value is affected by changes of blood chemistry.
The principal critic of the carbon dioxide method has been Conway (1, 3). Conway and Fearon (3) found that in alkaline extracts of muscle a large part of the acid-labile carbon dioxide is not precipitable by barium chloride. From their experiments they concluded that much of the acidlabile carbon dioxide of muscle is not bicarbonate. If the barium-soluble fraction is considered not to have come from bicarbonate in muscle, a much lower value for the calculated intracellular pH is obtained. The value so calculated is near 6.0, approximately that to be expected if the hydrogen ion ratio across the cellular membrane were governed by a Donnan equilibrium. This is also approximately the pH value estimated by Conway ( 1 ) from a balance of the ionic charges in muscle fibers. Conway concedes that the data from which this latter calculation must be made can at present only be considered approximate.
Hill (23) There is no question of the chemical identity of the substance determined analytically in the DMO method. The fact that pH values calculated from the distribution of DMO and of carbon dioxide are in the same range supports confidence that these values are correct rather than the much lower values advocated by Conway. Whatever the chemical nature may be of the barium-soluble material in the alkaline extracts of Conway and Fearon, it appears likely that essentially all of the acidlabile carbon dioxide in the muscle cell itself is bicarbonate and that the pH values calculated on this assumption are correct.
The greater the number of indicator compounds found to give concordant results, the greater the confidence that can be placed in the values of intracellular pH calculated from the distribution of acids and bases. If unrecognized factors influence the distribution of one compound so as to invalidate the calculation of pH, it is unlikely that the same factors will be in operation with a compound of entirely different chemical structure. Studies of a number of indicator compounds of diverse structures would therefore be of value. Bases would be of particular interest because they could furnish a more sensitive indication of pH than acids when used for tissues with intracellular pH values below the plasma pH. Comparison of bases with acids would also be of interest because the errors arising from differences in pK' values between intracellular and extracellular water due to differences in ionic strength would be in opposite direction for acids and bases. The only base the distribution of which has hitherto been used for calculation of intracellular pH is ammonia, which has the serious drawbacks of high toxicity and difficulty of analytical determination. The special requirements for a compound to be used as an indicator of intracellular pH exclude the great majority of known acids and bases, but a systematic search might disclose other appropriate compounds.
DMO has advantages over carbon dioxide for the measurement of intracellular pH, and at the present time it appears to have almost ideal properties for this purpose. Although this initial study has been limited to muscle, there is no reason why the method could not be applied to any tissue in which the determination of extracellular water is feasible. The analytical method described here for DMO in muscle has been shown to be suitable also for liver and brain. Since DMO is a foreign compound that is not attacked metabolically, an application is possible that would not be possible with carbon dioxide, viz., the determination of an overall value for the intracellular pH of the tissues of the body as a whole. This could be carried out in human subjects since all that would be entailed would be the determination of DMO in plasma and urine after administration of a measured dose, together with simultaneous determinations of total body water and extracellular body water by means of other appropriate substances. The fact that DMO is not metabolized would also. make possible the use of the isotopically labeled compound to study gradients of pH within small regions of a tissue or even within individual cells. The distribution of DMO has been used to measure the intracellular pH of skeletal muscle of the dog under various conditions. The intracellular pH of normal, resting muscle averaged 7.04. The greatest changes of pH of muscle are those produced by raising the carbon dioxide tension of blood. The pH of muscle is lowered by a high tension of carbon dioxide whether or not the blood pH is lowered. Metabolic acidosis has less effect in lowering muscle pH than does high tension of carbon dioxide. Respiratory and metabolic alkalosis raise muscle pH only to a small extent.
